INTRODUCTION
Since their discovery in the late 70's, [1] [2] [3] the research interest for dendrimers, which are virtually monodisperse hyperbranched macromolecules, has gained an increasing interest because of their broad range of applications in, for example, supramolecular chemistry, [4] [5] [6] self-assembly processes, [7] [8] [9] anticancer therapies [10] [11] [12] and diagnostic imaging. [13] [14] [15] The structure of dendrimers is divided into three distinct regions: the core, branched repeat units emanating from this core, and end-groups of the outer layer of repeat units (Figure 1a ). 16 The number of concentric layers of branching points is known as the generation of the dendrimer. It is worth noting that the amount of end groups in dendrimers grows exponentially with the generation. Dendrimers undergo changes in size, shape and flexibility as a function of increasing generation. [16] [17] [18] [19] On the other hand, dendrons are monodisperse dendritic wedge-shaped structures that comprise a single function at the core and multifunctionality at the outer layer (periphery). Figure 1a illustrates the difference between dendrimers and dendrons structures. As it can be seen, the former dendritic structures usually contain two or more dendrons coupled together to a core moiety.
All-thiophene (Th) based dendrimers and dendrons are considered as very promising kinds of conducting materials with different energy-related applications. 20 Since
Advincula and co-workers reported on the first Th dendrimer synthesis (up to 30 Th rings), 21, 22 advances in synthetic approaches enabled the preparation of increasingly larger. Thus, Bäuerle and co-workers 23 synthesized different all-Th dendrimers containing up to 90 Th rings with a divergent/convergent approach to facilitate the inclusion of functionalities in the external surface of the conducting dendrimer. More recently, the same group reported a synthetic approach to a series of generational 2,2':3',2''-terthiophene-based Th dendrons and dendrimers. 24 4 -Conjugated dendrimers are considered attractive candidates for organic-electronic applications due to their solution processability, redox properties, band gap ( g ) and isotropic charge-transport ability. 25 In the particular, all-Th dendrons and dendrimers, hereafter denoted nT (where n is the number of Th rings), behave as p-type semiconductors, being proposed as components of photovoltaic devices and organic solar cells. 24, 26, 27 Therefore, understanding of the electronic properties of nT is a key stage not only in the ongoing evolution of these systems for their promising applications but also in the development of new alternatives to conventional oligothiophenes and polythiophenes in the organic semiconductor field. The ionization potential (IP) and  g of nT (with n= 3, 9, 21 and 45 for dendrons and n= 6, 18, 42, 90 for dendrimers) were recently investigated in solution using cyclic voltammetry (CV) and UV-vis spectroscopy. 24 Given the importance of the structural and electronic properties in the application of all-Th dendrimers, theoretical studies based on quantum mechanics are necessary not only to provide comprehensive understanding at the microscopic level but also to gain deeper insight on the intrinsic characteristics of these materials. Within this context, we used quantum mechanical (QM) calculations to study the structural and electronic properties of nT dendrimers and dendrons with n= 3, 6, 7, 9, 14, 15, 18, 21, 30, 42 and 45 in vacuum. 28, 29 More recently, we also examined the structural and electronic properties of 3T and 7T dendrons attached to a phenyl core, 30 which had been used in a pioneering work by Schlüter and co-workers 31 to synthesize Th-containing second and third generation dendronized macromonomers with methacrylate polymerizable units as well as their corresponding dendronized polymers. Although QM calculations provided important qualitative information, in all cases electronic properties predicted in vacuum exhibit deviations with respect to experimental estimations obtained in solution. 24, 31 Although the latter may be attributed to the influence of the environment in the IP and  g , other important factors, as the conformational flexibility and dynamics may be also responsible of such deviations. Thus, QM predictions were performed considering the energy minimized conformations of the dendrons and dendrimers, the effects associated to the conformational variability being neglected from our theoretical predictions. [28] [29] [30] In this work we re-visit the structural and electronic properties of all-Th dendrimers and dendrons but considering the influence of the both the solvent and the conformational variability. 
METHODS
All QM and QM/MM calculations were carried out using the Gaussian 09 computer package. 34 The parameters used for the structural analysis are defined in Figure 1b 38 Starting geometries were taken from our previous work, 29 in which complete geometry optimizations of nT were carried in vacuum using the B3LYP functional 39, 40 combined with the 6-31G(d) 41 The IPs were determined using the Koopmans' theorem, according to which the IP is taken as the negative of the highest occupied molecular orbital (HOMO) energy (i.e.
IP KT = -ε HOMO ). Although Koopman's theorem does not apply to DFT and the energies of Kohn-Sham orbitals do not involve any physical meaning, Janak's theorem 47 was used by Perdew 48 to show the connection between the IP and ε HOMO . The  g was estimated using two different strategies. In the first one, ε g was approximated as the difference between the energies of the frontier orbitals: ε g = ε LUMO -ε HOMO . In an early work, Levy and Nagy showed that in DFT calculations ε g can be correctly estimated using this procedure. 49 The second estimation of ε g was derived from the excitation energies calculated with TD-DFT. This method, which is widely applied to study the UV-vis spectra of conjugated organic compounds, provides a robust and efficient description of the low-lying molecular states. [50] [51] [52] Electronic excitations were evaluated combining the PCM framework with the B3P86/6-31G(d) 53, 54 level. In all cases the ε g was extracted from the first low-lying transition with a large oscillator strength.
MD simulations.
A series of MD simulations were performed to study the solvation of 6T and 18T dendrimers in DCM, THF and DMF. All MD trajectories were generated using the scalable computer package NAMD 55 and the AMBER force-field. 56 Stretching and bending equilibrium parameters for 6T and 18T dendrimers were derived from quantum mechanical calculations at the B3LYP/6-31G(d) level. The force-field 8 parameters for the DCM, THF and DMF solvents were taken from Blas et al., 57 Rodríguez-Ropero et al. 58 and Shih et al., 59 respectively, while the rest of force-field parameters, with the obvious exception of the electrostatic charges, were adapted from the AMBER 56 and Generalized AMBER force field 60 All MD simulations were performed using the NVT ensemble in a cubic simulation box. Periodic boundary conditions were applied using the nearest image convention.
The box size was adjusted to fit the complex size, the initial box dimensions being (666666 Å 3 ) to ensure infinite dilution. Before each simulation was run, the potential energy of each system was minimized using 5000 conjugate gradient steps. To ensure a uniform distribution of the dendrimer in solution, the system was heated to 500 K and after a cooling was carried out to 298 K employing NPT conditions. A total time of 100 ns was employed for each system.
Single point QM/MM calculations. Single point QM/MM calculations performed
for 6T and 18T dendrimers in DCM, THF and DMF solutions using selected snapshots extracted from classical MD simulations. While the dendrimer was described at the QM B3LYP/6-31G(d) level, the solvent molecules were represented as point charges. The IP and the  g were evaluated using the procedure described previously for PCM-DFT calculations. For each dendrimer and solvent, calculations were performed over 10 snapshots that were regularly extracted from the corresponding MD trajectory (i.e. every 10 ns).
QM/MM-MD calculations.
Hybrid QM/MM-MD calculations were carried out for 6T and 18T with explicit DCM, THF or DMF solvent molecules to examine the influence of dynamical effects in the electronic structure of solvated dendrimers. For this purpose, dendrimers were treated at the QM level while the solvent molecules were considered classically. For each system, the last snapshot of the corresponding classical MD simulation was used as starting geometry of the hybrid QM/MM-MD trajectory.
All QM/MM-MD simulations were performed using the Amber-PUPIL-Gaussian interface. 62 The AMBER program 63 Periodic boundary conditions were applied using the nearest image convention.
Before each production simulation, a classical equilibration protocol, similar to that described above for classical MD simulations, was applied. Once equilibrated, an initial heating was carried out at 298 K employing NPT conditions during 2 ps with a time step of 0.5 fs. Finally, 20 ps of NPT production trajectory were performed at 298 K using a time step of 0.5 fs. Data were stored each 2fs for subsequent structural statistics.
The last 5 ps of each trajectory were post processed using Amber-PUPIL-Gaussian interface to obtain accurate electronic properties using the TD-DFT methodology. On the other hand, apparently the influence of the solvent in the molecular conformation of 6T and 18T is not negligible. This is proved in Figure 5 , which displays superimposed structures of 18T taken from MD trajectories in DCM, THF and DMF at different time intervals (i.e. 5, 50 and 100 ns). As it can be seen, the solvent causes than 18T, independently of the solvent polarity. This feature, which is not captured in optimized geometries, should be attributed to the fact that the rigidity of dendronized structures increases with the generation number. [64] [65] [66] [67] Accordingly, the small elongations at bond lengths caused by the dynamic and thermal effects become less appreciable in 18T than in 6T.
RESULTS AND DISCUSSION
On the other hand, inspection of the averaged  D-D values displayed in Table 2 indicates that the dihedral angle that connects the two central dendrons are very sensible to the solvent polarity, ranging from -140.6º (DCM) to -151.4º (DMF) and from -130.3º
(DMF) to -177.71 (THF) for 6T and 18T, respectively. Also, comparison of the results obtained for the two dendrimers reflects that the conformational fluctuations induced by both thermal and solvent effects are practically independent of the solvent polarity. This feature suggests that solvent effects are mainly caused by unspecific short-range dendrimer···solvent interactions, which are practically independent of the polarity of solvent molecules. These average values also differ from those derived from QM geometry optimizations in the gas-phase / in DCM solution (i.e. -163.9º / -163.4º and -163.8º / -164.4º for 6T and 18T, respectively). Similarly, averaged  α-α and  α- values indicate the influence of the solvent in the conformational dynamics of the two dendrimers, which is also corroborated by the relatively large standard deviations ( Table   2 ).
The impact of the explicit solvent molecules in the conformation of the dendrimers predicted by QM/MM-MD simulations is fully consistent with observations derived from classical MD simulations. Figure 6 displays the histogram occupancy of  α-α and  α- for the two examined dendrimers. The lower dispersion of dihedral angles for 6T compared to that of 18T is also consistent with classical MD results, evidencing the effect of the solvent in the solute dynamics increases with the generation number.
Interestingly, histograms displayed in Figure 6 provide detailed information about the influence of the solvent polarity in the conformational variability of the dendrimers.
Thus, the narrowest dispersions of  α-α and  α- were found in DMF, the solvent with highest polarity, for both 6T and 18T, while the widest dispersions of such dihedral angles correspond to DCM, the solvent of lowest polarity. According to these results, the conformational flexibility increases with decreasing solvent polarity, this phenomenon being more pronounced for 18T than 6T.
The averaged electronic properties in DCM obtained using single-point TD-DFT calculations at the B3P86/6-31G(d) level on the snapshots extracted from the last 5 ps of the corresponding QM/MM-MD trajectories are included in Table 1 by only 0.14 and 0.06 eV, respectively, from the experimental estimations. 24, 68 Unfortunately, the IP value of 18T in THF is not available. On the other hand, the solvent-induced variability in the electronic properties of 6T predicted by QM/MM-MD simulations is much less pronounced than for 18T. This must be attributed to the fact that the conformational variability at the branches of 6T is considerably lower than at the branches of 18T, as was previously discussed. Thus, the  g values predicted for 6T
in DCM and THF are 3.08 and 3.07 eV, respectively, while the experimental values are 2.76 and 2.57 eV, respectively.
CONCLUSIONS
We have presented a comprehensive theoretical study to examine the influence of the solvent, flexibility and conformational dynamics on the electronic properties of 
